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(54) Anisotropically conductive composite medium and devices interconnected thereby 



(57) In accordance with the invention, a high density 
z-direction interconnection medium is made by the 
steps of providing a non-conductive membrane having 
z-direction channels, filling the channels with liquid pre- 
cursor of conductive material, converting the trapped 
precursor into conductive material within the channels, 



and, advantageously, forming solder bumps in contact 
with the conductive material in the channels. The meth- 
od is particularly useful for forming hollow tubular or po- 
rous conductive pathways having enhanced resistance 
to thermal and mechanical stress. The channels can be 
conveniently filled by vacuum suction, 
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Description 

Field of the Invention 

This invention relates to an anisotropically conduc- 
tive composite medium, metliods for making such a me- 
dium and device assemblies interconnected thereby. 

Background of the Invention 

All modern electronic products including comput- 
ers, consumer electronics, telecommunication equip- 
ment and automobile electronics require circuit inter- 
connection and packaging. While there has been a dra- 
matic decrease in circuit feature size to the micron and 
even sub-micron level over the past several years, the 
progress in the density of circuit-to-circuit mating inter- 
connection and device packaging has been much slow- 
er. The disparity between the micron-level features of 
silicon devices and the hundreds-of-microns required 
for interconnection contact pads has forced very ineffi- 
cient device integration. Much device real estate is wast- 
ed on fan-outs to larger soldering contact pads. Such 
fan-outs produce longer travel paths for electronic sig- 
nals and hence slower device speed than could be re- 
alized with a compact, high-density interconnection 
scheme. 

High or ultra-high density interconnection of mating 
contacts can be obtained if a fine-scale, direction aniso- 
tropically conductive medium with x-y electrical isolation 
is available. 2-direction anisotropically conductive me- 
dia are described in United States Patents No. 5045249 
and 4737112 issued to 8. Jin et al.. and in Jin et al. co- 
pending United States patent applications Serial Nos. 
08/251548. 08/251547. and 08/255687. Submicron- 
scale anisotropic media are described in "Narrow Array 
Composites" by C.A. Huber et al. Science. Vol. 263, p. 
800, 1994, and "Transparent Metal Microstructures" by 
M J. Tierney et al., J, Phys. Chem. , Vol. 93, p. 2878, 
1989. The articles describe processing methods based 
on either high pressure injection of molten metal or elec- 
troplating of metal into microporous materials such as 
an anodized aluminum oxide membrane. Preparation of 
base membranes with vertical (z-direction) channels is 
described in "The Formation of Controlled-Porosity 
Membrane from Anodically Oxidized Aluminum", by R. 
C. Furneaux et al.. Nature. Vol. 337, p. 147, 1989. 

High presure injection of molten metal into submi- 
cron sized pores is difficult due to the generally high vis- 
cosity of molten metals. It requires handling of essen- 
tially individual membranes in a high pressure environ- 
ment The electroplating of metal in submicron pores 
with a very high aspect ratio is a time consuming, deli- 
cate and expensive process. Moreover, both injection 
and electroplating generally result in completely filling 
the vertical pores with metal. Such filled composites are 
susceptible to stresses, as by the thermal expansion 
mismatch and thermal conductivity mismatch between 



the conducting metal column and the matrix material. 
Accordingly, there Is a need for a new method of making 
a high density z-direction interconnection medium. 

5 Summary of the Invention 

In accordance with the invention, a high density z- 
direction interconnection medium is made by the steps 
of providing a non -conductive membrane having z-di- 
rection channels, filling the channels with liquid precur- 
sor of conductive material, converting the trapped pre- 
cursor into conductive material within the channels, and, 
advantageously, forming solder bumps in contact with 
the conductive material in the channels. The method Is 
particularly useful for forming hollow tubular or porous 
conductive pathways having enhanced resistance to 
thermal and mechanical stress. The channels can be 
conveniently filled by vacuum suction. 

Brief Description of the Drawings 

In the drawings: 

FIG. 1 is a block diagram showing the steps of mak- 
ing a high-density, anisotropically conductive com- 
posite medium; 

FIG. 2 schematically illustrates an exemplary step 
of filling the vertical channels with a liquid precursor 

of conductive material; 

FIG. 3 is a schematic cross-sectional view of one 
embodiment of an anisotropically conductive com- 
posite made by the process of FIG. 1; 
FIG. 4 is a schematic cross-sectional view of a sec- 
ond embodiment of anisotropically conductive com- 
posite; 

FIGs. 5A and 5B illustrate the composites of FIGs. 
3 and 4 with solder bumps locked Into the conduc- 
tive pathways; 

FIG. 6 is an exemplary embodiment of high-density 

mating interconnection of circuit devices using ani- 
sotropically conductive composite medium. 

Detailed Description 

Referring to the drawings, FIG. 1 is a block diagram 
showing the steps in creating a high-density, z-direction 
anisotropically conductive composite medium. The first 
step (block A in FIG. 1 ) is to provide a body of electrically 
non-conductive matrix material, preferably in the form 
of thin membrane, sheet or plate having a pair of major 
surfaces, which contains vertical or near-vertical chan- 
nels between the major surfaces (i.e. the channels are 
perpendicular or nearly perpendicular to the major sur- 
faces. This perpendicular direction is referred to as the 
z-direction). An example is a commercially available 
AI2O3 membrane, Anopore. manufactured and sold by 
Whatman Laboratory, Inc. The preparation of such ma- 
terial is described by R.C. Furneaux et al.. Nature. Vol. 
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337, p. 147 (1989). An alternative matrix material can 
be made by co-drawing bundled glass rods containing 
etchable cores. See Tonucci et a!.. Science. Vol. 258, p. 
783 (1992). Submicron-sized parallel holes, as fine as 
about IOOOA in diameter, are relatively easily obtained. 
In addition to these ceramic materials, the matrix can be 
made of polymeric materials such as plastics. For ex- 
ample, suitable polycarbonate-based PCTE filter mem- 
branes are manufactured by Poretics Corp. 

The desired diameter of the vertical channels useful 
in this Invention is in the range of 100-100,000 A, and 
preferably In the range of 200-5000 A. The desired thick- 
ness of the matrix medium is in the range of 1 -1 000 ^m, 
and preferably in the range of 10-100 iim. The channels 
in the membrane do not have to be exactly vertical. 
Somewhat Inclined angles are acceptable, however, the 
channels preferably make an angle of more than 45^ 
with the major surfaces. The channels should not be 
connected to each other in order to permit high intercon- 
nection density The inclined channels can be parallel 
to each other or can be randomly oriented. 

The next step shown in FIG. 1 (block B). is to fill the 
channels with a liquid precursor of conductive material. 
The precursor can be an aqueous solution, an organic 
solvent solution, a colloidal suspension, a metallorganic 
precursor, or a molten salt. The precursor should con- 
tain ions, such as metal ions, or compounds for eventual 
conversion into conductive metals (such as Cu, Ag, Au, 
Ft, Ni, Sn, Pb) or conductive compounds. The precursor 
can also convert into mixture of metals such as 63% Sn 
-37% Pb solder composition. Instead of containing met- 
als, the precursor liquid can contain precursors for non- 
metallic conductors such as carbon (e.g., C2H5OH or 
CCI4), oxide conductor such as Lao eyCao^ssMnOx, or 
superconductors such as YBa2Cu307.jj. 

The viscosity of the precursor liquid is preferably rel- 
atively low so that it can be easily vacuum sucked into 
the submicron-sized channels of the membrane. Exem- 
plary precursor liquids include aqueous solutions of 
CUSO4 or AgNOg, or YBagCuaOy.x. While the non-me- 
tallic conductors such as oxides or nitrides are generally 
stable In ambient atmosphere, some metals or alloys 
tend to be easily oxidized if they have submicron dimen- 
sions. In such a case, noble metals such as Ag, Au, Pd 
are generally preferred. 

The preferred method for filling channels in the 
membrane is to use low-intensity vacuum suction com- 
monly available in industrial laboratories and manufac- 
turing plants. Aqueous solution precursors are easily 
vacuum suctioned into the small channels. The Anopore 
material (e.g., alumina membrane with --2000 A dia. 
vertical holes, '-50 pim height) can be filled with aqueous 
solution precursors using a vacuum of 0.1-0.5 atmos- 
pheres. 

FIG. 2 schematically illustrates the preferred filling 
step. One major surface of matrix membrane 20 is sub- 
jected to a vacuum as by placing the membrane across 
a suction head 21 . The other surface is placed in contact 



with the precursor liquid 22, filling the channels 23. After 
the channels are filled, the excess liquid above and be- 
low the membrane can be gently wiped, washed or 
blown off. The liquid inside the channels is maintained 
5 by capillary force. Any left-over metal (or conductor) on 
the top and bottom surfaces of the membrane after the 
final heat treatment can be removed by gentle chemical 
etching or physical means such as polishing, sputter 
etching or plasma etching. 

The third step in FIG. 1 (block C) is to convert the 
precursor liquid into conductive material. This can be ac- 
complished by applying heat to dry the precursor liquid 
trapped in the channels and to decompose it into con- 
ductor. In order to obtain a metallic conductor in the 
channels, the heat treatment is preferably carried out In 
a vacuum or hydrogen-containing atmosphere such as 
pure H2 gas, forming gas (e.g., 2-10% Hg in Ng or Ar 
gas) or NH3 gas. The required temperature and time to 
reduce oxides or compounds into elemental metals var- 
ies widely depending on the stability and thermodynam- 
ic parameters. To obtain Cu from CUSO4 or CuO, a heat 
treatment In hydrogen at '-350'*C or higher for 10 mln.- 
10 hrs. is required. Ni, Co, Fe and Sn require higher re- 
duction temperatures. If a carbon or graphitic conductor 
is to be created, the carbon-containing precursor can be 
subjected to heat treatment in an inert or oxygen-con- 
taining atmosphere. If metal-oxide or metal-nitride con- 
ductors are to be created, the precursors may need to 
be heat treated in an oxygen-containing or nitrogen-con- 
taining atmosphere with specific oxygen or nitrogen par- 
tial pressure. Noble metals (such as Au, Ag. Ft) in the 
channels are generally more easily obtained from their 
precursors using vacuum, or atmospheres of inert gas, 
hydrogen, nitrogen, or oxygen. The processing steps B 
and C In FIG. 1 can be repeated more than once de- 
pending on the amount and configuration of the conduc- 
tor material in the channels. 

Because of the temperatures of decomposition heat 
treatment (typically higher than about 300*C in a hydro- 
gen-containing reducing atmosphere), alumina or glass 
matrix materials are preferred as compared to polymer 
or organic matrix materials. The heat treatment temper- 
ature and time can be advantageously reduced if a hy- 
drogen-containing plasma is used, because of the eas- 
ier reduction of metal oxides into metals in a hydrogen 
plasma environment. Reduced exposure to high tem- 
perature minimizes potential damage to the matrix ma- 
terial, such as warpage or decomposition. 

Preferably the liquid precursor and processing con- 
ditions are chosen to provide hollow tubular conductive 
pathways or porous conductive pathways through the 
channels. Hollow, tube-shaped conductive pathways 
are created by using a relatively dilute precursor solu- 
tion, so that after drying and decomposition, there Is only 
enough reduced conductor left to coat the channel walls. 
For example, if an aqueous solution consisting of 8:1 
weight ratio of AgNOs and hot water (which is equivalent 
to a AgiHgO weight ratio of about 5:1 or a volume ratio 
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of about 1 :2) is used to fill up a channel of 2000 A dia. 
X 50 fim height, the eventual Ag coating on the wall of 
the channels would be -180 A thick. 

FIG. 3 illustrates a nnatrix mennbrane 30 having a 
plurality of channels 31 with hollow, tubular conductive 
pathways 32 through the channels. Because of the ge- 
ometry, the electrical conduction is anisotropic along the 
z-direction between the major surfaces 30A and 30B. 

The tube-shaped conductor configuration of FIG. 3 
is particularly advantageous for z-dlrection circuit inter- 
connection applications. Firstly, it exhibits enhanced re- 
sistance to thermal and mechanical stress. The differ- 
ence In thermal expansion coefficient a between the 
conductor (usually a metal) In the channel and the matrix 
membrane (usually an insulator such as ceramics or 
polymers) are often substantial. For example, a(Ag) 
-19.7 X 10-6 a(Al203)-6.8 x lO'^, and a (polycar- 
bonate) --67.5 X 10-^. If the channels in AI2O3 or poly- 
carbonate membranes are completely filled up with met- 
als, e.g., by high-pressure injection of molten metal or 
by electroplating, the resultant composite is susceptible 
to severe stresses caused by the thermal expansion 
mismatch or volume change in solidification either dur- 
ing the composite fabrication or during the device trans- 
port or sen/ice. Computer device interconnections, for 
example, are exposed to temperature variations be- 
tween -40'*C and +100**C. Such stresses could cause 
microcracks, breaks or warpage either in the ceramic or 
polymer matrix or microcracks and electrical discontinu- 
ity in the vertical conductor (especially if it is a mechan- 
ically brittle compound such as oxide-based or nitride- 
based materials). Because of the hollow space in the 
tube-shaped conductor of FIG. 3, however, the expan- 
sion mismatch is more easily accommodated and such 
mechanical failures are minimized. Secondly, the hollow 
space can advantageously be utilized to lock in a solder 
joint material that is useful for connections onto the two 
mating devices. 

The process of tube formation can be repeated if 
thicker metal deposition and improved conductivity are 
needed, or in the event that a solid rod-shape conductor 
configuration Is desired. It Is important that a saturated 
or near-saturated solution be used for the second time 
(or additional repetition) vacuum suction processing so 
as not to partially or wholly dissolve off the previously 
deposited metal or precursor cylinder. 

Another advantageous approach is to choose the 
precursor and processing conditions to produce porous 
conductive pathways in the channels. Instead of aque- 
ous or solvent-based solutions, molten liquids of metal- 
containing salt especially with low melting points, such 
as SnCl4 (m.p. = -33''C), AgNOg (m.p. = 212'C), or Cu 
(CH3COO)2 (m.p. = 115*0) may be vacuum suctioned 
into the channels (optionally preheated) followed by de- 
composition heat treatment to obtain the metallic state. 
Because of the generally higher viscosity in the molten 
salts than in the aqueous solutions, the processing is 
more difficult than In the case of aqueous solutions. 



Somewhat stronger vacuum suction power is required 
for the molten salts. Therefore, a preferred method ac- 
cording to the Invention Is to combine the aqueous so- 
lution approach and the molten salt approach. The walls 
5 of the channels are first coated with either undecom- 
posed, partially decomposed or fully decomposed pre- 
cursor material (e.g., AgNOg or Ag), which enhances 
wetting of the molten salt in the subsequent processing 
for easier vacuum suction Into the channels. 
10 After the decomposition heat treatment of the mol- 
ten salt, preferably in a reducing atmosphere, the result- 
ant metal in the channels takes a porous configuration 
forming a network of conductor. The porous conductive 
structure contains Internal spaces. Hence It easily ac- 
^5 commodates thermal expansion mismatch and associ- 
ated mechanical stresses. Furthermore, solder bump 
materials can easily be added and locked into the top 
and bottom ends of the porous metal in the channels for 
improved adhesion. FIG. 4 illustrates the resulting struc- 
ture showing a membrane 40 wherein channels 41 are 
filled with porous conductor 42. 

The next step, which Is optional. Is to apply solder 
bumps to lock in the conductive material and facilitate 
contact with the channel pathways. The solder bumps 
can be made from eutectic Pb-63Sn, Bl-Sn. Au-Sn, In, 
or any suitable low-melting point solder metal or alloy 
(preferably mechanically soft). They can be added onto 
the top and bottom part of the channel using known 
processing methods, such as dip coating, electroless 
deposition, or electrolytic plating. 

The resulting structures are shown in FIG. 5A and 
FIG. 5B. In FIG. 5A, membrane 50 has hollow tubular 
conductors 51 In channels 52. Solder bumps 53 lock the 
conductors In the channels. In FIG. 5B, the structure has 
porous conductors 54 In the channels. The solder 
bumps 53 lock to irregularities in the porous network. 

Methods for preparing the conductive media can be 
understood by considering the following examples. 



Vertical channels In aluminum oxide membranes 
(Anopore from Whatman Laboratory. Inc.) with a dimen- 
sion of 2.5 cm dia.. 50 |im thick, with about 50% of the 
volume consisting of --2000 A dia. vertical channels 
were filled with a saturated AgNOg solution in water by 
using vacuum suction. The excess liquid on the faces 
of the membrane was wiped off. The membranes were 
then slowly heated in an hydrogen atmosphere in 1 hr 
to 400'C, held for 1 hr, and furnace cooled. The proc- 
essed membranes became anisotropically vertically 
conductive with the electrical resistance through the 
membrane thickness measured to be --0.6 Q over the 
contact pad dimension of about 0.1 x 0.1 cm. The in- 
plane electrical resistance of the processed membrane 
sample over the distance of about 0.5 cm was greater 
than the maximum measurement capability of the mul- 
timeter used, i.e., > 2 x 10^ Q. Energy dispersive x-ray 



25 



30 



35 



40 Example 1 



45 



50 



A 



7 



EP 0 726 621 A2 



8 



analysis from the fractured cross-section of the mem- 
brane showed a strong Ag peak indicating the presence 
of Ag in the channels. Top view microstructure by Scan- 
ning Electron Microscopy analysis shows hollow chan- 
nels Indicating that Ag depositton is primarily on the wall 
of the channels. 

Example 2 

A saturated aqueous solution of In (N03)3 was vac- 
uum suctioned into the channels of Anopore and was 
given a decomposition heat treatment in H2 at SOCC/ 
2h, The processed membrane was anisotropically con- 
ductive, and exhibited a vertical electrical resistance of 
-^^200 KQ, and no measurable electrical conduction in 
the In-plane direction. 

The anisotropically conductive medium, prepared 
In accordance with the Invention, is particularly useful 
for ultra-high-denslty interconnection of mating circuits. 
It can be used to interconnect silicon substrates, ceram- 
ic substrates such as alumina, and printed circuit 
boards. An exemplary embodiment is shown in FIG. 6. 
The anisotropically conductive medium 60 having sol- 
der bumps 60A is placed between two mating circuits 
61 and 62 having contact pads 61 A and 62A. Each con- 
tact pad on the circuit boards, which may optionally be 
coated with solder material, Is facing a multitude of the 
vertically oriented conductive channels (and associated 
solder bumps 60A). The sandwich assembly of FIG. 6 
Is pressed and heated to melt the solder and obtain ver- 
tical interconnections. For a channel configuration of 
2000 A diameter with 2000 A inter-channel spacing in 
the medium, each contact pad of 1 jim x 1 ^im area would 
have an adequate number (about six) of the parallel, 
vertical connections. Considering the typical contact 
pad size of 100 x 100 fxm on the present-day Si sub- 
strates and 500 x 500 ^im on printed circuit boards, the 
1 x 1 ^im pad interconnection made possible by the an- 
isotropically conductive medium would have tour orders 
of magnitude or greater improved area! density of circuit 
connections. 



Claims 

1 . A method for making an anisotropically conductive 
medium comprising the steps of: 

providing a body of non-conducting matrix ma- 
terial having a pair of major surfaces and a plu- 
rality of channels extending between said sur- 
faces, said channels having diameters in the 
range 100 to 100,000 angstroms; 
filling said channels with a liquid precursor of 
conductive material; and 
converting said liquid precursor into conductive 
material forming conductive paths through said 
channels. 



2. The method of claim 1 wherein said channels are 
filled by vacuum suction. 

3. The method of claim 1 wherein said liquid precursor 
s is converted into conductive material by drying said 

liquid and heating the dried material to decomposi- 
tion. 

4. The method of claim 1 including the further step of 
70 forming solder bumps on the ends of said channels 

in contact with said conductive paths. 

5. The method of claim 1 or claim 4 wherein said liquid 
precursor is converted into conductive material 

15 forming hollow, tubular conductive paths. 

6. The method of claim 1 or claim 4 wherein said liquid 
precursor is converted into porous conductive ma- 
terial. 

20 

7. The method ot claim 1 or claim 4 wherein said liquid 
precursor comprises an aqueous solution including 
metal ions. 

25 8. The method of claim 1 or claim 4 wherein said liquid 
precursor comprises a precursor for high tempera- 
ture superconductor. 

9. The method of claim 1 or claim 4 wherein said liquid 
30 precursor comprises a molten salt 

10. An anisotropic conductive medium comprising: 

a body of non-conducting matrix material hav- 
3S Ing a pair of major surfaces and a plurality of 

channels extending between said surfaces, 
said channels having diameters in the range 
100 to 100,000 angstroms; 
conductive material disposed in said channels 
40 forming tubular conductive pathways at a den- 

sity of at least 10^ pathways/cm^ on said major 
surfaces. 

11. An anisotropic conductive medium according to 
^5 claim 10 further comprising solder bumps on said 

major surfaces forming contacts to said pathways. 

12. An anisotropic conductive medium comprising: 

so a body of non-conducting matrix material hav- 

ing a pair of major surfaces and a plurality of 
channels extending between said surfaces, 
said channels having diameters in the range 
100 to 100,000 angstroms; and 

55 porous conductive material disposed In said 

channels forming conductive pathways at a 
density of at least 10^ pathways/cm^ on said 
major surfaces. 
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13. An anisotropic conductive medium according to 
claim 12 further comprising solder bumps on said 
major surfaces forming contacts to said pathways. 

14. An electrical circuit device comprising a pair of de- s 
vices interconnected by the anisotropic conductive 
medium of claim 10. 

15. An electrical circuit device comprising a pair of de- 
vices interconnected by the anisotropic conductive to 
medium of claim 12. 
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FIG. 1 



PROVIDE BODY OF NON-CONDUCTIKG MATRIX 
MATERIAL HAVING CHANNELS 



FILL THE CHANNELS WITH UQUlO PRECURSOR 
OF CONDUCTIVE MATERIAL 



CONVERT THE PRECURSOR UQUID 
INTO CONDUCTIVE MATERIAL 



I 



FORM SOLDER BUMPS ON ENDS OF CHANNELS 



FIG. 2 
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